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1. INTRODUCTION 

The simplest operational amplifier (Op-Amp) is a high-gain differential amplifier. The amount of this 
gain in the range of 10!-10° is sufficient for Op-Amp applications. Op-Amp performance parameters are: open- 
loop gain, small signal bandwidth, large signal bandwidth, output swing, linearity, noise, offset and supply 
rejection [1], [2]. By designing an Op-Amp, these parameters are communicated with each other. Single 
cascode differential amplifiers with integrated components can hardly produce much gain. The bandwidth is 
determined by the load capacitance. To achieve the high gain, differential cascodes are used. These cascode 
connections lie between power supplies and load current sources. When the MOSFETs of each branch are 
aligned with each other, they create a telescopic-like structure. Therefore, this type of configuration is known 
as telescopic Op-Amp. The resulting circuit is symmetric with each of the output loads generated by the cascade 
current source. Their output swings are also limited due to the short-circuit problem of one of the inputs to the 
output in the applications such as source follower [3]. Another problem is power consumption. There are 
various designs that they have tried to reach high swing with low power consumption, but the power 
consumption value has not been reported [3]. In some papers, output swing is low or has not been reported too 
[4], [5]. The gain-boosted telescopic Op-amps can reach to high swing with low power consumption, but their 
design is classified into multiple design: 
folded cascode Op-amp [6]. 
the main Op-amp and the boosting Op-amp [7], [8]. 
the main Op-amp and the multiplying digital-to-analog converter (MDAC) architecture [9]. 
the main Op-amp and the Miller compensation [10]. 
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So, such a design implementation is very complicated. In this paper, author want to design a high- 
swing fully differential telescopic Op-Amp in 0.18 um CMOS technology. All simulations of this circuit are 
performed in HSPICE RF software. Other softwares such as Cadence can also be used in this regard [2]. 

Figure | shows the fully differential telescopic Op-Amp. The fully differential designs include the 
first and secondly switched current mirrors and the output which can be a circuit duo to boosting the gain and 
reaching the wide band [11]-[17], but this can cause the power consumption to increase. Biasing also can 
improve the gain with less dissipation, e.g. wideband QFG dynamic biasing (QFG-DB) Op-amp, but it cannot 
to increase the output or input voltage [18]. Some applications such as fully differential difference 
transconductance amplifier (FDDTA), require low output, so the high gain is not important in their design. 
Because they are utilized as a low pass filter [19]. The advantage of the fully differential design is that the 
differential mode signal path encompasses only the n-channel MOSFETs [20]. Only NMOS transistors conduct 
time-varying currents, and PMOS transistors transmit a constant current. This increases the Op-Amp speed, so 
the mobility of the n-channel MOSFET is greater than that of the p-channel MOSFET. In my design, we use 
the telescopic Op-Amp [8] of Figure 1. It is a combination of common gate-common source (CS-CG) that 
achieves higher gain due to double load of current source. 


Figure 1. Telescopic cascode with NMOS inputs 


Combination of CS-CG cascodes with components such as NMOS is for higher gain. Cascade load 
current sources with components such as PMOS are used to achieve greater drain resistance, which is used to 
combine CS-CG cascodes. The gain of the circuit in Figure 1 can be obtained by using half of the circuit as (1) 
[21]. 


A= Gmn[(GmnTon) I (GmpTr)] (1) 


Where gym 1s the cross-conductivity and rg is the drain resistors in the MOSFETs. So, the gain of the 
telescopic cascode Op-Amp increases. The output swing is as (2): 


Vemo = 2[Vop — (Von1 + Voos + Voptait + [Vons| + |VonzI] (2) 
Where, the Vop is overdrive voltage of the MOSFETs, and Vopraii reduce through the Mtail MOSFET 
current source, Joa. The output voltage of this circuit is much less than that of a simple fully differential 


Op-Amp. So, in this paper, I want to design a new fully differential telescopic Op-amp with specifications as 
shown in Table 1. 
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Table 1. The characteristic of high-swing fully differential telescopic OP-AMP circuit 


Parameter Characteristic 
Gain > 60 dB 
CMRR > 50 dB 
QWuce > 2n x 400 MHz 
Phase margin > 60 
Slow Rate > 200 V/s 
Vea =1V 
ae =11V 
Output Swing >0.5V 
Power Consumption >= 1.2 mW 


Power supply (Vpp) 18 V 


2. THE PROPOSED METHOD 
According to the Table 1, author must also consider other features of the telescopic cascade and add 


to the MOSFETs including (Cox = 200%, 1pCox = 805, body modulation effects: 2, = 0.18 V-? and 
Ap = 0.36 V~1, and the threshold voltage: Vryy = |Vryp| = 0.45 V [3], [4]. In this circuit, the total power 
consumption should not exceed 1.2 mW. The current source of Vpp is Itgi = 1.2— 
V = 0.67 mA. So, each cascode branch of the Op-Amp requires 0.34 mA current, means I,_;,/2. On the other 
hand, the common mode output voltage is 1.1 V. That is, each node X and Y in Figure 1 should be able to 


swing up to 1.1 volt and keep the transistors M3 — Mg in saturation area. With a 1.8 V power supply, the total 
voltage available for M;g;; and each cascode branch is 0.7 V. Thus, we have (3): 


Voo1 + Voo3 + \Vons| + |Voo7| + Vontair] = 1.8 — 1.1 = 0.7 (3) 


Since M;,;, draws most of the current, one fifth of the voltage reaches to it, so Vop¢qiy = 0.14 V and 
0.56 V remains for the four cascade transistors. The M; — Mg current sources have low mobility, so more 
voltage should be allocated per branch to them (0.32 V). Therefore, in a cascade branch, we have 
Vops + Vop7 = 0.32 V. The rest of the voltage is allocated to transistors M, and M3. That is 
Vop1 + Vop3 = 0.24 V. So, the overdrive voltage of transistors 5 and 7 is 0.16 V and the voltage of transistors 
1 and 3 is 0.12 V. The aspect ratio of M, — M; qj, can be evaluated by the bias current and the overdrive voltage 
of each MOSFET. The relation of drain current to saturation area is (4): 


Tp = (1/2) MCox (W/L) (Ves — Vru)? (4) 

To minimize the parasitic capacitors of the integrated devices, the minimum length of each MOSFET 
transistor is L = 0.18 wm. 

Then, (W),_4 = 38 um, (W)s_g = 58.25 um and Wi, = 58.775 um are obtained. So, the design 


was done according to the total power consumption, power supply and output swing. The amount of the gain 
can now be calculated from the (5), 


Ay = Im1l(Gm3%o3Vo1) I (9msTosTo7) | (5) 


By choosing a minimum channel length of 0.18 wm for all MOSFET transistors we have g,, and 7% 
which are obtained from (6) and (7). 


Im = 2Ip/Vop (6) 
% = 1/Alp (7) 


So, author have: 


_2x0.32x 10% mA 
Imi1-4 = 0.123 SENAY 
_2x032x 10-9 _ mA 
Ims—s = 0.157 ee 
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"1-4 ~ 978 x 0.32 x 10-3 


1 


"05-8 ~ 936 x 0.32 x 10-3 


= 8680.56 2 


= 17361.11 2 
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In this paper, author propose the circuit of Figure 2, called high-swing fully differential telescopic 


Op-Amp. 


Figure 2. The proposed high-swing fully differential telescopic Op-Amp circuit 


For doing simulation, firstly author must get the working point of all transistors using the “op" 
command (all transistors are in saturation area) see Figure 3. 


is = 
pa ail sf a = 
File Edit Format View Help 
subckt - 
element O:m1 O:m2 O:m3 O:m4 O:m5 O:m6 
model O:nch.3 O:nch.3 | -Ornch.3__ -O:nch.3_—--Ozpch.3 —--O:pch.3 | 
region Saturati Saturati Saturati Saturati Saturati Saturati 
i 359.0639u 359.0639u 359.0639u 359.0639u -359.0640u 
ibs -1.9300a -1.9300a_ -1.9529a -1.9529a 151. 7818a 
ibd =2.0033a -2.0033a -45.4872p -45.4872p 153.6392a 
vgs 489.1664m 489.1664m 529.9588m 529.9588m -623.8642m 
vds 249.2076m 249.2076m 846.1239m 846.1239m -467.6991m 
vbs -100.8336m -100.8336m -350.0412m -350.0412m 136.1358m 
vth 471.6840m 471.6840m 528.7493m 528.7493m -524.5428m 
vdsat 70.3063m 70.3063m 65.3545m 65.3545m -120.7130m 
vod 17.4823m 17.4823m —1.2095m —1.2095m 9-99. 3215m 
beta 182.6480m 182.6480m 180.5767m 180.5767m  42.4843m 
gam eff 1.0310 1.0310 1.0597 1.0597 687.7519m 
gm -0923m — 6.0923m _6.2552m 6, 2552m 4. 5224m 
ads 309.9689u 309.9689u 183.6130u 183.6130u 163.6761u 
gmb 1.660im  1.6601m (1.3889m 1.3889m —_1.4137m 
Ccdtot 43.560SFf 43.5605F 38.2967Ff  38.2967F  70,0053fF 
cgtot $5.7707f 55.7707f  52.2321f  52.2321f _94.5919F 
cstot 69.0148F  69.0148F  60.9049F  60.9049F 133.8231f 
cbtot 73.9957F 73.9957F  64.6856F  64.6856f 125.7464 
cgs 32.5891f  32.5891f 28.7091F 28.7091f  69.7592F [ 
egd 14.5794f 14.5794F 14.5374F 14.5374F  19.8290f 
subckt 
element O:m7 O:ms O:mtail 
! model O:pch. 3 O:pch.3 O:nch. 3 
region Saturati Saturati Saturati 
i -359.0640u -359.0640u 718.1278u 
i « 5.953e-20 -2, 204e-21 
i 151.9234a _ -2. 9947a 
-603.8349m 490. 0000m 
~136.1358m 100. 83360 
0. fs 
-482.3073m 444.0620m 
-133.1021m 82. 2147m 
-121.5276m _45.9380m 
42.7407m 282.9619m 
686.3056m 1.0167 
9 3. 3.6993m 10.2052m 
gds 926.8346u 926.8346u 2. 2703m 
gmb 1.2578m 1.2578m 3.0403m 
cdtot 80.7287f  80.7287F  73.3610F 
cgtot 96.8049F 96.8049F 93. 6264f 
cstot  139.4556f 139.4556f 119.7520 
cbtot 138.1572f 138.1572f 122.3517f 


Figure 3. Working point of the proposed high-swing fully differential telescopic Op-Amp circuit 
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To keep the all transistors in the saturation area, the bias voltages, control voltage, and maximum and 
minimum input voltages, V-y;, are calculated to drive the transistors to the saturation area as: 


Vetrt = Vestait tf Vootain > Vesta — Vin 

Vor = Ves3 + Voomi + Voptait tf Voo3 > Ves3 — Vin 

Vo2 = Voo — Voomz — Vass tf Voos < Vass — Vin 

Voz = Vop — Ves7 tf Voo7 < Vas7 — Vin 

(Vinmax = Vop — 2Vop7 — Vop3 and Vinmin = Ves1 + Voptait tf Voo1 > Vesi — Vin} 


So after simulation, all transistors are active and their current are regulated which the total power 


consumption of the circuit obtains as 1.2 mW see Figure 4. 


'| **** voltage sources 


subckt 

‘| element 0:vdd O:vinl O:vin2 O:vb1 O:vb2 O:vetrl 

| volts 1.8000 590.0000m 590.0000m 880.0000m 1.0400 490. 0000m 
current -718.1279u 0. oO. 0. oO. 
power 1.2926m 0. 0. 0. 0. oO. 

i total voltage source power dissipation= 1.2926m watts 


Figure 4. Power consumption of the circuit (Paj;<). 


3. RESULTS AND DISSCUSION 

In this section, author want to discuss about the simulation. According to the Figure 4, the current 
drawn from the power supply is 0.72 mA and the total power consumption of the circuit is 1.2 mW. The output 
voltage response as shown in Figure 5 is 1.2 V. 


Voltages {lin} 


ni n| H pay Pa oan om tn ‘he Tas Tin in mn 
Time fn) (TIME) 


Figure 5. The output swing of the proposed high-swing fully differential telescopic Op-Amp circuit 


In Figure 6, the circuit gain is greater than 60 dB and 76.333 dB (111.75 — 35.417 = 76.333 dB). 
So, the Common Mode Rejection Ratio (CMRR) is greater than 50 dB. 

At frequency of 412 MHz, the gain reaches one and thus the unity-gain frequency value, wygpz, is 412 
MHz see Figure 7. 

According to the Figure 7, at the Wygg = 412 MHz, the output phase value of the system is —61.7°, 
so the phase margin (PM) of the circuit is 180°C — 61.7°C = 118.3°C, which a desirable value is. Further, the 
total harmonic distortion (THD) of the circuit is 0.332% for both Vg, and Voz outputs see Figure 8. 
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Figure 7. The wygg and the output system phase of the proposed high-swing fully differential telescopic 
Op-Amp circuit 


harmonic frequency fourier normalized phase 
no the) component component (deg) phase (deg) 


0000 -281.9075m 
427u 89.4746 
-126.1296 
-103. 8627 
30. 366: 


Ft 
188.7602p 1.0447u  -63.5844 
000k 142.2435n 787.2630u -9.7407 


WCONaQuewhe 


total harmonic distortion = 332.3342m percent 


|| ***#** HSPICE -- A-2008.03 32-81T (Feb 26 2008) winnt ****** 
wanene 
design of a telescopic cascode (ota) 
jedoloiodsdat tnom= 25.000 temp= -10.000 


ed 


fourier components 
de c nt 


of transient response v(vo2) 

= 1.196€+00 

harmonic frequency fourier normalized phase normalized 
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180.6810u 
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total harmonic distortion = 332.3308m percent 


Figure 8. The THD of the proposed high-swing fully differential telescopic Op-Amp circuit 
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Author can calculate the slow rate as (8) [7], [22]. 
SR = dVoyt/dt|max = leain/C, = (2lpm12)/C, (8) 


Where [pyi2 is the bias current of transistors 1 and 2. The value of the slow rate is obtained 
261.25 volts per microsecond (MHz) from the simulation see Figure 9. 
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Figure 9. The slow rate of high-swing fully differential telescopic Op-Amp circuit 


For noise analysis, I have to send the noise to the system, for example, with a 50 ohmic pull-up resistor 
(p1): p1 in 0 port=1 ac=0.1 dc=2.1 z0=50 

The resistance value from the Vg, output to Vpp is calculated Gm 51957, Which is 359 kQ. The output 
noise is 101.9337uVolts see Figure 10. 


**** the results of the sqrt of integral (v**2 / freq) 
from fstart upto 71.6382g hz. using more freq points 
results in more accurate total noise values. 


| **** total output noise voltage 


= 101.9337u volts 
**** total equivalent input noise = 0. 


Figure 10. The output noise of the proposed high-swing fully differential telescopic Op-Amp circuit 


The characteristic table of the proposed high-swing fully differential telescopic Op-Amp circuit is as 
Table 2. 


Table 2. The Characteristic of the proposed high-swing fully differential telescopic OP-Amp circuit 


Characteristic Description 

Power supply 1.8V 

Power consumption 1.2 mW 

Gain 76.333 dB 
Wyce 412 MHz 

Output Phase Value -61.7° 

PM 118.3° 

THD 0.332% 

Slow Rate 261.25 MHz 

Total Output Noise Voltage 101.9337 nV 

Output Swing Voltage 1.2V 

CMRR > 50dB 
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The value of (A,, X Wyg¢p)/Paiss obtains as: 
(Ay X Wygp)/Paiss = (76.333 X 412 x 10°)/(1.2 x 1073) = 26207.7 x 10°dB - Hz/Watt 


The characteristic of this proposed Op-amp is good comparing the other Op-amps. Table 3 compares 
the characteristic of this Op-amp with other designs. 


Table 3. Comparison the Characteristic of the proposed high-swing fully differential telescopic OP-Amp 
circuit with other circuits 


Characteristi The QFGD Fully Telescopi High- Folded Telescopi Dc-Gain Fully- 
c proposed _B op- Differentia  cOp-amp Swing - c Op- Enhanced differentia 
Op-amp amp [3] 1 Gain- for CMOS cascod Ampwith CMOS 1 Op-amp 
Boosted MDAC Telescopic e Op- Improved Telescopi [15] 
Telescopic [9] Operationa amp Gain [10] c Op- 
Cascode 1Amplifier [6] Amp [5] 
Op-amp [8] 
[7] 
Power 1.8 <1 3.3 1.8 3.3 3.3 5 - 1.8 
supply 
Power 1.2 - 3.89 0.051 - 9-14 - 5 - 
consumption 
(mW) 
Gain (dB) 76.333 60.5 129 62.81 105 - 85 >61 > 60 
WucB 412 65 161 285.6 93 1.3GH 177.1 1GHz > 50 
(MHz) Z 
Output -61.7 - - - - - - - - 
Phase Value 
() 
PM (°) 118.3 81 70.6 57.42 78 - - 81 60 
THD (%) 0.332 - - - - - - - - 
Slow Rate 261.25 - 92 2.19 133 - - - > 100 
(V/us) 
Total Output 101.933 - - - - - - - - 
Noise 7 
Voltage 
(uV) 
Output 1.2 - 3 - 2.4 - - - >2.7 
Swing 
Voltage (V) 
CMRR (dB) >50 >50 >50 - >50 - - - - 


4. CONCLUSION 

This paper presents the design of an of high-swing fully differential telescopic Op-Amp circuit with 
0.18 CMOS technology. The results of the circuit simulation with HSPICE RF software show that the circuit 
parameters have acceptable values. One of the important features that this paper wants to acquire is higher 
voltage than current Op-Amps in accordance with desirable parameters. Finally, by compromising the circuit 
parameters, we were able to obtain a good performance from the circuit design. As the amplification of signals 
in many electronic circuits plays a key role and can be easily implemented with Op-Amp, this design can 
demonstrate this reality which can implemented in a Very Large-Scale Integration (VLSI) chip. 
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